In the present study, we investigated whether the essential nutrient choline may protect against schizophreniclike cognitive deficits in a rat model. Theories regarding the etiology of schizophrenia suggest that early life events render an individual more vulnerable to adult challenges, and the combination may precipitate disease onset. To model this, the adult male offspring of dams who either experienced stress during late gestation or did not were given a 5 mg/kg dose of the NMDA antagonist, MK-801. The presence of both the prenatal challenge of stress and the adult challenge of MK-801 was expected to impair memory in these offspring. Memory was not expected to be impaired in rats that did not experience prenatal stress, but did receive MK-801 as adults. To study whether choline levels altered outcomes in these groups, rats were fed a choline-supplemented, -deficient, or standard diet during the period between the two challenges: beginning at weaning and continuing for 25 days. All rats consumed regular rat chow thereafter. The efficacy of the model was confirmed in the standard fed rats in that only those that were prenatally stressed and received MK-801 as adults displayed impaired memory on a novelty preference test of object recognition. Contrary to this finding and consistent with our hypothesis, choline-supplemented rats that were also both prenatally stressed and given MK-801 as adults showed intact memory. Choline deficiency impaired memory in rats that were just prenatally stressed, just given MK-801 as adults, and subjected to both. Thus, a choline deficient diet may render rats vulnerable to either challenge. Taken together, we offer evidence that developmental choline levels modulate the effects of prenatal stress and/or MK-801 and thereby alter the cognitive outcome in a rat model of schizophrenia.
Introduction
Schizophrenia affects approximately 1% of the global population and though it manifests in many ways, there are characteristic positive symptoms which include paranoia, delusions, hallucinations, and negative symptoms, which include flattened affect and social deficits that appear in some combination across patients (American Psychiatric Association, 2000) . Schizophrenia is also commonly characterized by marked deficits in cognition, including impairments in memory and attention (e.g. Assaf et al., 2006; Schwartz et al., 2009; van Erp et al., 2008) . There is increasing awareness of the neurological abnormalities that occur in this disorder and noted among them are diminished excitatory neurotransmission in the frontal cortex leading to less inhibitory neurotransmission in the ventral tegmental area in the midbrain (Volk and Lewis, 2010 ; see also Carr and Sesack, 2000; Harte and O'Connor, 2005) . These effects are thought to contribute to negative symptoms in schizophrenia (Lynch, 1992; Sesack and Carr, 2002) . They also lead to over-excitation of neurons which release dopamine into the nucleus accumbens, which is linked to the positive symptoms of schizophrenia (Gray, 1995 (Gray, , 1998 . Another neurological feature of schizophrenia is pathology in the hippocampus, including disorganized cell layers (Harrison, 2004) and reductions in overall volume (Heckers and Konradi, 2010) . This, along with the pathology in the frontal cortex (Gruber et al., 2010) , is likely to be the source of the cognitive deficits in the disorder.
The present work was designed to contribute to an emerging body of work on the neuroprotective capacity of dietary factors in mental health disorders, particularly in schizophrenia. Choline, an essential dietary nutrient, is known to profoundly impact the development of cholinergic-rich brain areas, such as the hippocampus, basal forebrain, and cortical regions (for reviews see Blusztajn, 1998; Meck and Williams, 2003; Zeisel, 2006; Zeisel and da Costa, 2009 ). Life-long enhancements in neural function and plasticity produced in these areas by supplemental choline levels during pre-and postnatal sensitive periods could mediate the risk for, and severity of, a host of neuropsychiatric conditions-particularly those for which hippocampal pathology and loss of neural plasticity are contributing factors. Consistent with this hypothesis, there is mounting evidence of choline's neuroprotective capacity against a variety of neural insults (Holmes et al., 2002; Ryan et al., 2008; Thomas et al., 2000; Wong-Goodrich et al., 2008; Yang et al., 2000) . Thus, the specific goal of this study was to examine whether levels of the nutrient choline during the postnatal periadolescent developmental period would affect adult cognitive performance in a rat model of schizophrenia.
A number of key parallels between the neuropathological features of schizophrenia and the neural and behavioral effects of choline led to the rationale for this study. Neonatal choline supplementation enhances cognition, particularly spatial memory, in adult rats (Meck et al., 1988 (Meck et al., , 1989 Meck and Williams, 1997; Schenk and Brandner, 1995; Tees, 1999; Tees and Mohammadi, 1999) and prevents age-associated declines (Meck et al., 2007; Williams, 1997, 2003) . These effects are thought to occur through changes in hippocampal and cortical function, including acetylcholine neurotransmission Montoya and Swartzwelder, 2000) , neuron morphology (Loy et al., 1991; Williams et al., 1998) , and excitability (Pyapali et al., 1998) . Second, failure of neural plasticity in the hippocampus is currently linked to a host of neuropsychiatric disorders such as schizophrenia, depression, anxiety, and addiction (reviewed in Eisch et al., 2008) . Prenatal choline supplementation significantly enhances adult hippocampal plasticity (Glenn et al., 2007 Mellott et al., 2004; Pyapali et al., 1998) and accompanying this are marked increases in growth factor expression in the hippocampus (Glenn et al., 2007 Napoli et al., 2008) , frontal cortex and striatum (Nag and Berger-Sweeney, 2007) . Thus, choline supplementation, at least when given during development, may be neuroprotective in adulthood because the microenvironment of vulnerable areas, like the hippocampus, is enriched and mechanisms of support and repair may be triggered more readily in the face of potentially harmful factors.
In stark contrast to the benefits of choline supplementation, prenatal choline deficiency compromises the cognitive abilities of rats (Meck and Williams, 1997; reviewed in Meck and Williams, 2003) , reduces neuron excitability (Pyapali et al., 1998) and prevents a normal enrichment-induced increase in adult neurogenesis (Glenn et al., 2007) . Choline deficiency also accelerates normal rates of apoptosis and slows rates of cell division in the fetal hippocampus during development (Albright et al., 1999; Craciunescu et al., 2003) . Thus, in addition to assessing the attenuation of cognitive symptoms by periadolescent choline supplementation, we also explored the hypothesis that periadolescent choline deficiency may worsen the cognitive deficits in the schizophrenia model used in the present study.
Though the exact cause of schizophrenia is still under investigation, several etiological models exist (Young et al., 2010) . The procedures used in this study followed a 'two-hit' model of schizophrenia by combining prenatal stress and adult administration of the noncompetitive NMDA antagonist, dizocilpine (MK-801) in rats. In this model, two distinct events are required to produce impairments typical of those seen in schizophrenic patients (e.g. cognitive impairments). These can be manifested in animal models during young adulthood with drugadministration which compounds an initial neuronal insult, thereby creating an epidemiologically relevant model of the disorder (Meyer and Feldon, 2010) . The stress during gestation was hypothesized to induce a neurodevelopmental abnormality, to which hippocampal and cortical areas would be particularly vulnerable (Markham et al., 2010; Martinez-Tellez et al., 2009 ). The adult MK-801 exposure was further hypothesized to induce a marked reduction in excitatory neurotransmission akin to that seen in schizophrenia (Javitt, 2007) . Similar rodent models using either or both of these factors are known to induce cognitive deficits in rats (Markham et al., 2010 ; see also Powell and Miyakawa, 2006) comparable to those documented in schizophrenic humans. However, the aim of the present model, in keeping with the two-hit premise of schizophrenia, was to use these factors in ways that would minimize their individual impact so as to focus on their combined impact. To do this, male rats were used since they are less impacted by prenatal stress than females (e.g. McCormick et al., 1995) . In addition, a relatively easy memory task was used, and we lengthened the interval between MK-801 treatment and memory assessment considerably compared to other studies (e.g. de Lima et al., 2005) . To our knowledge, there are no other reports that have combined these two factors -prenatal stress and acute MK-801 exposure in adulthood -in this way.
Based on the two-hit model, it was hypothesized that the most substantial cognitive deficit would be observed in prenatally stressed rats that received MK-801 as adults when compared to rats that were not prenatally stressed, but also received MK-801. Dietary choline levels were manipulated during the postnatal periadolescent periodthe time intervening between our two factors (prenatal stress and adult MK-801 treatment). While much of the previous work has been conducted on the effects of prenatal choline availability, there is emerging evidence that postnatal choline intake may also modulate behavior (Glenn et al., 2012; Meck et al., 2007) and is neuroprotective against prenatal trauma (Ryan et al., 2008) . Memory was assessed using a novelty preference task which takes advantage of rats' natural propensity to explore novel objects and features of this task are cortically-and hippocampal-dependent (Mumby et al., 2002a (Mumby et al., , 2002b Gaskin et al., 2010, respectively) . It was hypothesized that rats fed choline-supplemented diets following prenatal stress would not show a memory deficit following acute MK-801 treatment and that all rats fed choline-deficient diets, whether they were prenatally stressed or not, would exhibit impaired memory when given MK-801 as adults.
Materials and methods
The experimental timeline is depicted in Fig. 1 and the different stages of the experiment are described in the sections below.
Colony conditions
All rats, except pregnant dams and dams with litters, were pair-housed in individually ventilated cages (Thoren Caging Systems, Inc., Hazleton, PA) in a colony room maintained at 21 ± 2°C with 40-60% humidity. Cages were clear polycarbonate and contained a thin layer of corncob bedding. Rats had free access to food and water throughout the experiment. A 12 h light/12 h dark cycle was used, with lights turned on daily at 08:00 h. All procedures were carried out during the light phase of the cycle and were approved by the Colby College Institutional Animal Care and Use Committee and in compliance with federally regulated standards.
Prenatal stress manipulations, cross-fostering, and rearing conditions
Twelve timed-pregnant female Long-Evans rats were obtained from Charles River Laboratories (Wilmington, MA) on gestational day (GD) 9. Pregnant dams were individually housed in standard laboratory conditions as described above. During the third week of pregnancy (gestational days 15-19; inclusive), half of the pregnant dams (n = 6) were subjected to chronic restraint stress. Rats were removed from their home cages and put into clear restraint tubes (16 cm in length; 7.5 cm in diameter) for 1 h, twice per day on each of the 5 consecutive days. The exact time of day and location during the restraint procedures were randomly altered to prevent habituation or time-of-day effects. The other half of the pregnant dams (n = 6) were assigned to the control condition (no restraint stress) and were exposed only to normal daily handling through feeding, weighing, and cage cleaning regimens equal to those experienced by all rats throughout the study.
Following birth, pups were taken from their mothers and toes marked to indicate their prenatal stress condition. Pups were then cross-fostered among all of the dams in mixed litters of 10 male and female pups from stressed and non-stressed conditions. At this time pup weights were taken and no differences were found between those from stressed and non-stressed mothers. We also observed patterns of mothering between stressed and non-stressed dams and did not detect any differences in nursing postures, incidence of licking and grooming, nest building, or pup contact. Pups were weaned on postnatal day (PD) 24 to same sex pairs. The male offspring of the pregnant dams (N = 47) were the subjects of the present study; 24 were prenatally stressed (Prenatal-stress) and 23 were not stressed (No-stress). All dams and the male rats that served as subjects in the study were fed commercially available rat chow (Harlan Teklad, Madison, WI) except during the choline manipulation described in the next section.
Periadolescent choline manipulation
Custom prepared synthetic diets based on formulations by the American Institute of Nutrition were used to manipulate post-weaning choline levels (AIN76A; Dyets Inc., Bethlehem, PA). Rats from each group, Prenatal-stress and No-stress, were randomly assigned to one of three dietary conditions exclusively during PDs 25-50: choline-deficient (DEF n = 16; 0 g/kg choline), standard choline (STD n = 15; 1.1 g/kg choline chloride in the place of choline bitartrate), or choline-supplemented (SUP n = 16; 5 g/kg choline chloride). As stated above, rats were returned to regular rat chow following the diet manipulation. Combined, the prenatal conditions (stress or no stress) and the adolescent diet conditions (DEF, STD, or SUP) yield 6 experimental groups (n's = 8, except for n = 7 in the No-stress/STD condition).
Apparatus and materials used in the novelty preference task
Novelty preference testing was conducted in a 70 × 70 cm open field with 60 cm high walls. The field was constructed of painted wood with a removable bottom that was covered with bedding throughout habituation and testing. At approximately 20 cm from each inside corner were baby food jar lids that were bolted to the removable bottom of the field with 1/2 inch screws. The lids were used to secure baby food jars which were glued to the bottoms of the objects used to assess object recognition memory in this study. The lids and bottles prevented the objects from being displaced during both the study and test phases of the task. Eight objects (four sets of two identical objects) were used to assess memory. The objects were ordinary items purchased locally and constructed from hard plastic or ceramic. They differed in texture and color and ranged in size from approximately 4-6 in. high and 2-3 in. wide. They were pretested before being used in the present study to ensure adequate interest by rats in the absence of chewing or excessive interaction.
Procedure
The following sections describe the experimental procedures that started once rats reached adulthood (approximately PD 75).
Novelty preference task: pre-MK-801
Baseline cognition was measured using the novelty preference task. Rats were habituated to the testing environment in the absence of objects over three consecutive days. On the first day, cage-mate pairs were placed into the empty field for 10 min, and then on each of the next 2 days, rats were placed in the field individually for 5 min. On the day following the third habituation session, the baseline test was conducted.
The novelty preference task consisted of a study and a test phase. In the study phase, two identical objects were positioned in opposite corners of the field. Rats were individually placed in a corner of the field, equidistant from both objects, and were allowed to freely explore for 5 min. A 20-minute retention delay separated the study and test phases during which rats were placed individually in small opaque cages. After the delay, rats were returned to the field for a 3-minute test phase in which one of the previously studied objects was replaced with a different, novel object. Object positions, as well as which of the object pairs were designated as study or novel, were counterbalanced across all conditions. Study and test phases were recorded and digital videos were archived for later analysis. All scoring of archived footage was done by an experimenter blind to the conditions of each rat. Object exploration was defined as the time spent by the rat, in seconds, with its snout oriented toward the object and within 2 cm of it (Mumby et al., 2002a (Mumby et al., , 2002b .
MK-801 administration
After baseline memory testing, a major subset of each group received a single injection of MK-801 (5 mg/kg i.p. in a volume of 1 ml/kg; Sigma-Aldrich, Saint Louis, MO). This dose was selected based on past work showing that its effects on rats resembled an acute psychotic episode which led to lasting disturbances in hippocampal LTP and spatial memory (Manahan-Vaughan et al., 2008) . It was therefore expected that the impact of this amount of MK-801 on a non-spatial test of memory would have less impact, unless, as we hypothesized, it is given to rats made vulnerable by either prenatal stress or periadolescent choline deficiency. In further support of this, de Lima et al. (2005) reported deficits in object-recognition with a smaller dose of MK-801 (1 mg/kg) but drug-training/testing intervals were all within 1 day. Thus, we used the larger dose, a longer post-drug interval, and the object recognition test to achieve the goals of our "two-hit" model. To confirm the effectiveness of this dose of MK-801 on the locomotor measures described below and as reported in Manahan-Vaughan et al. (2008) , a smaller subset of rats from each group was randomly selected to receive an injection of 0.9% physiological saline in matched volumes (1 ml/kg) instead of MK-801. Thus, there were a total of 29 rats that received MK-801 (n's = 5, except n = 4 in the No-stress/STD) and 18 that received saline (n = 3 from each of the 6 experimental conditions).
Immediately following MK-801 or saline administration, rats were placed individually in a clear plastic bin with corncob bedding and a metal cage top for observation. Rats were observed via a closedcircuit camera connected to a computer in an adjacent room and all digital video footage was archived. The observation period lasted 30 min, and each rat's behavior was sampled and assessed every 5 min for a total of 6 assessments per rat. Based on published methods (Andiné et al., 1999; Manahan-Vaughan et al., 2008) , the behavior of the rat at each assessment was coded for three specific characteristics: locomotion (0 = stationary; 1 = movements within a localized area forelimbs only; 2 = intermittent movements within half of the area of the cage; 3 = continuous movement within half of the cage; 4 = intermittent movements within the whole area of the cage; 5 = continuous movements within the whole area of the cage); stereotypy (0 = no sniffing; 1 = discontinuous sniffing; 2 = continuous sniffing); and ataxia (0 = normal body control; 1 = falling tendency upon movement; 2 = falling upon movement; 3 = almost unable to move). These scales are specifically designed to reveal the motor effects of drugs like MK-801. Following the observation period, rats were returned to their home cages and placed back in the colony for recovery. After 24 h, there were no further observable drug effects on motor function and all rats in the study behaved normally upon handling and displayed normal food and water consumption, activity, and grooming.
Novelty preference task: post-MK-801
Memory was re-assessed with the novel object preference task 1 week after the administration of the large dose of MK-801 or a vehicle saline injection. The procedures were the same as those used for baseline memory testing, except that two new pairs of objects were used. As with the previous testing, all digital video of study and test phase trials were recorded and archived and object placement and assignment were counterbalanced across all conditions.
Statistical analyses
The primary factors in this study were Prenatal Condition (Prenatalstress, No-stress) and Periadolescent Diet (DEF, STD, SUP). Daily food intake in grams (g) consumed by two rats of each cage was recorded and these values were divided by 2 to obtain an approximate measure of g of food consumed by each rat while dietary choline levels were being manipulated. Each cage contained rats from the same experimental conditions and in the two instances where this was not the case the food intake data were excluded. Food intake at 4 points over the 25-day periadolescent choline manipulation (Days 1, 7, 14, and 21) as a function of Prenatal Condition and Periadolescent Diet was analyzed using a 2× 3 ×4 mixed factorial analysis of variance (ANOVA).
Two dependent measures were collected from the test phases of the two novelty preference tests: total object exploration time and a ratio reflecting the proportion of total object exploration time that was directed at the novel object. Object exploration times were evaluated using 2 × 3 ANOVAs. Ratio values were analyzed using one-sample t-tests to compare each group's data to the value of 0.5, which reflects no preference for the novel object and thus impaired memory: ratio values that approach 1 indicate that the rat was spending more time exploring the novel object, from which memory of the previously studied object was inferred (Dix and Aggleton, 1999; e.g. Gaskin et al., 2003; Mumby et al., 2002a Mumby et al., , 2002b Mumby et al., , 2007 . The data were analyzed in this way to maximize the detection of memory for novel objects in each experimental condition.
To assess the acute effects of MK-801 during the 30-minute observation period, mixed factorial ANOVAs were used. The ANOVAs were 2 × 3 × 2 × 6 mixed factorials with the between factors of Prenatal Condition, Periadolescent Diet, and Drug (MK-801, Saline), and the repeated measure of Time since injection (5, 10, 15, 20, 25, 30 min) . The dependent measures of motor function assessed were the scores on the locomotion, stereotypy, and ataxia scales. Because no rats given saline displayed ataxia at any time, only scores on this scale from those rats given MK-801 were assessed with a 2 × 3 × 6 (Prenatal Condition, Periadolescent Diet, and Time) mixed factorial ANOVA. To follow up significant main effects or interactions, simple effects analyses and post hoc Tukey tests were conducted where appropriate. All statistical tests were assessed with a significance level of p = 0.05 and without correction for multiple one-sample t-tests.
Results

Food intake during the periadolescent choline manipulation
As is evident in Fig. 2 there were no statistically significant main effects of Prenatal Condition or Diet and no interactions between any of the factors in the analysis (all p's > 0.05). These data indicate that all rats started off consuming similar amounts of the diet and this was still the case during and at the end of the diet manipulation. There was a significant main effect of Time (F[3,114] = 1354.226, p b 0.001) indicating that all rats increased their consumption over the 25-day period, consistent with their growth. Fig. 3 shows the ratios reflecting the preference for the novel object in each group. Only the Prenatal-stress/DEF rats did not display a statistically significant preference for the novel object (t[7] = 2.198, p b 0.05); all other groups had ratio values that were significantly higher than 0.5, or no preference (all p's b 0.01). These effects were not accounted for by total object exploration times as there were no statistically significant results of the ANOVA conducted on this variable.
Pre-MK-801 novelty preference task
Acute motor responses to MK-801 administration
The saline-treated rats were used to confirm the effects of the drug on these behavioral scales and, as expected, the large dose of MK-801 used in this study produced robust effects on motor behaviors. ANOVA results on the locomotion scores revealed significant main effects of As can be seen in Fig. 4A , both saline and MK-801-treated rats displayed declining locomotion over the course of the 30-minute observation period, but the decline in locomotion in rats given MK-801 began early in the observation period with a significant decline from the 5-to the 10-min observation in MK-801-treated rats (p = 0.043) whereas saline-treated rats showed an increase over the same period, though it was not statistically significant (p = 0.10). MK-801-treated rats continued to display significantly lower locomotion scores over the observation period (all p's b 0.05) and reached a significantly lower plateau than that shown by the saline treated rats (p b 0.001 at 30 min time point). Interestingly, the 3-way interaction (see Fig. 4B ) resulted from a differential impact of Prenatal stress on DEF and SUP rats: Prenatalstress/DEF rats were more active at the beginning of the observation period compared to Prenatal-no stress/DEF rats, while the opposite was true among SUP rats (p'sb 0.05).
ANOVA results on the stereotypy scores also revealed a significant main effect of Drug (F[1,35] = 802.433, p b 0.001), but in this case neither the main effect of Time since injection nor the interaction was significant. Stereotypy in rats given MK-801 was evident at the first observation and remained high throughout the observation period; whereas normal amounts of sniffing were evident in saline treated rats and these levels did not change over the 30-minute period (see Fig. 4C ). There was a significant interaction between Periadolescent Diet and Time since injection (F[1,175] = 2.099, p b 0.05), however this did not reflect a meaningful pattern in the data (see Fig. 4D ). For example, STD rats displayed significantly less stereotypy at Time 2, DEF rats displayed significantly less at Time 3, and SUP rats displayed significantly less at Time 6 (p's b 0.05).
The drug effects on ataxia scores were very clear such that no saline injected rats displayed ataxia at any time during the observation period (see Fig. 5A ). Thus an ANOVA was conducted on the ataxia scores based on Prenatal Condition, Periadolescent Diet, and Time since MK-801 injection and excluded the saline-treated rats. There was a statistically significant effect of Time (F[5,115] No diet effects were seen thereafter and none were observed among the Prenatal-stress rats (see Fig. 5C ). Fig. 6A shows the memory performance of saline-treated rats from each Prenatal Condition and Periadolescent Diet group 1 week after they received the injection. In contrast to the findings from the pre-test, neither of the deficient groups (No-stress and Prenatalstress) showed a preference for the novel object on the second test (p = 0.233 and p = 0.212, respectively). No-stress/STD rats also did not show a significant preference for the novel object (p = 0.110); though, as can be seen in Fig. 6A , this group did, on average, prefer the novel object (M=0.676, SEM=0.099). The remaining groups all showed a statistically significant preference for the novel object: Prenatal-stress/STD (p=.035), No-stress/SUP (p=0.010), and Prenatalstress/SUP (p=0.042). Fig. 6B shows the memory performance 1 week after the large dose of MK-801 as a function of Prenatal Condition and Periadolescent Diet. Analyses of these data revealed that: 1) neither Prenatal-stress/ DEF (p = 0.418) nor No-stress/DEF (p = 0.587) rats displayed a significant preference for the novel object; 2) No-stress/STD rats displayed a significant preference for the novel object (p = 0.044) but Prenatalstress/STD rats did not (p = 0.774); and 3) Prenatal-stress and Nostress SUP rats exhibited a preference for the novel object, though the preference was only statistically significant for the Prenatalstress/SUP rats (p = 0.011) with No-stress/SUP rats showing a nonsignificant preference for the novel object (p = 0.09). A 2 × 3 ANOVA conducted on time spent exploring the objects during the 3-minute test revealed no statistically significant main effects or interactions and thus did not account for any of the patterns of novel object preference.
Post MK-801 novelty preference task
Discussion
The results of the present study provided compelling support for the hypothesis that supplemental dietary choline during periadolescent development could mitigate the adverse interaction of prenatal stress and adult administration of an acute large dose of the NMDA antagonist, MK-801. Evidence is also shown indicating that periadolescent choline deficiency may worsen the effects of either or both of these factors. An integral finding was that rats fed a standard amount of choline throughout life that were both stressed prenatally during the last week of gestation and given MK-801 as adults displayed a memory deficit on the novelty preference task of object recognition. Thus, exposing rats to factors that produce effects like those seen in schizophrenia led to the characteristic cognitive deficits (Corcoran et al., 2003; Walker and Diforio, 1997) . By contrast, prenatally stressed rats treated during periadolescence with choline supplementation did not display cognitive deficits in the novelty preference task after MK-801 administration. This finding fits well with other works on choline in a rodent model of the sensory-gating deficits in neural function which is also considered to be a hallmark feature of schizophrenia (Stevens et al., 2008a (Stevens et al., , 2008b . Stevens et al. (2008a) demonstrated that choline supplementation shortly after birth improved the marked deficiencies in sensory inhibition characteristically seen in the inbred DBA/2 mouse that models the deficits of schizophrenic humans. Accompanying this improvement, Stevens et al. observed increases in the numbers of α-7 nicotinic receptors in the hippocampus, for which choline is a direct agonist. In addition, emerging ideas about the neuropathological features of psychological disorders, including schizophrenia, point to dysfunctions in adult neural plasticity, especially hippocampal neurogenesis, as important mediators of prognosis and treatment (DeCarolis and Eisch, 2010; Eisch et al., 2008) . Supplemental choline, at least when administered prenatally, produces a marked increase in several markers for neural plasticity, including LTP (Pyapali et al., 1998) , dendritic branching patterns (Li et al., 2004; Loy et al., 1991) , growth factor content (Glenn et al., 2007 Mellott et al., 2004; Napoli et al., 2008) , and, of particular note, hippocampal neurogenesis (Glenn et al., 2007; Mellott et al., 2004) . Thus, there are several candidate mechanisms through which choline could be acting to exert the neuroprotective effects observed in the present study. Importantly, however, this is the first demonstration of a complete prevention of the memory deficits that were successfully induced in the model. Also as predicted, combining choline deficiency with either element of the model -the prenatal stress or the adult MK-801 administrationresulted in cognitive deficits. Thus, choline deficiency may exacerbate other existing vulnerabilities and thereby trigger or accelerate onset of pathological conditions. These findings are in agreement with many others in the literature: in regard to bodily health, choline deficiency worsens the effects of coronary heart disease and colorectal cancer risk factors (Bidulescu et al., 2009; Lee et al., 2010) , and, in regard to brain health, prenatal choline deficiency reduces adult neural plasticity (Glenn et al., 2007; Pyapali et al., 1998) , and severely disrupts rats' abilities to adapt to cognitively demanding tasks and enriching conditions (Glenn et al., 2007; Tees, 1999) . These findings are also consistent with those of Stevens et al. (2008a) , showing that choline deficiency significantly worsened the sensory processing deficits in their mouse model. Taken together, these findings suggest that the impact of other known factors that increase the risk for, and outcome of, schizophrenia may be compounded by choline deficiency.
Another intriguing result from the present study was that choline supplementation mildly attenuated the motor effects of the high dose of MK-801 given to rats in adulthood. Previously published and well-documented methods (e.g. Manahan-Vaughan et al., 2008) were used to assess and quantify the response of rats to the drug over the course of the first 30 min of exposure. Based on this work, there is a reliable progression of symptoms during this period that is characteristic of the dose we used and the rats in this study progressed through these symptoms as expected: locomotor behavior declined over the first 5-10 min as stereotypy and ataxia increased. Rats began to display stereotyped head-weaving and repetitive sniffing within the first 5 min and continued to display these behaviors for the remainder of the session. There were some small but statistically significant differences between the diet groups when the data were collapsed over the drug and prenatal conditions. However, the lack of a consistent pattern in these effects makes them difficult to interpret: STD rats showed less stereotypy at 10 min; DEF rats showed less stereotypy at 15 min; and SUP rats showed less stereotypy at 30 min. It is possible that the diet was affecting the adaptation of the rats to novel conditions of the observation period but the lack of any diet effects in each of the treatment conditions, particularly the saline-treated/No-stress rats, suggests that these effects are subtle and inconsistent.
Compared to stereotypy, ataxia progressed more slowly but was still evident to some degree in the first 5 min. After 10-15 min all rats had some to full loss of their righting reflex. Interestingly, at the 5-minute observation, choline-supplemented rats were maintaining the lowest ataxia scores compared to the standard-fed and choline-deficient rats, which was only true in rats that were not prenatally stressed. This suggests that, in addition to a protection from the MK-801-induced sequelae that emerges the week after exposure, choline supplementation may also confer protection by reducing the acute actions of the drug. These findings fit well with other evidence that prenatal choline supplementation can prevent the neurotoxic properties of MK-801 delivery directly into the brain (Guo-Ross et al., 2002 . Further research is clearly warranted to investigate this provocative finding in a more direct and comprehensive manner.
In contrast to the results discussed so far, there were aspects of the data that were unexpected and difficult to interpret. In particular, the finding that the No-stress/MK-801 choline-supplemented rats did not display a clear preference for the novel object during the post-drug test was surprising. The bias of this group toward the novel object was above chance, but not statistically significant. It is possible that this reflects an impairment in that group but such an interpretation would be in conflict with a host of other findings on choline's neuroprotective capacity Nag and Berger-Sweeney, 2007; Ryan et al., 2008; Thomas et al., 2000; Wong-Goodrich et al., 2008 , 2011 , particularly those showing that MK-801 neurotoxicity is markedly reduced with choline supplementation (Guo-Ross et al., 2002 . It is possible that the non-significant preference in the No-stress/MK-801 supplemented rats was an artifact of the small sample size of the group and the fact there was only one post-drug test. Consistent with this interpretation, these rats showed the slowed progression of ataxia during post-injection observations. In addition, unlike this groups' tendency to investigate the novel object more, the deficits seen in the Prenatal-stress/MK-801 standard-fed rats and the No-stress/MK-801 and Prenatal-stress/MK-801 deficient-fed rats showed little discernible differences from the line of no object preference during the same test (see Fig. 6 ).
It should also be noted that, in the present study, neither prenatal stress nor MK-801 alone was sufficient to induce deficits on this task, except in the choline-deficient rats. These results are not surprising in light of several important points. Prenatal stress of this sort has a much more potent effect in females than in males (McCormick et al., 1995 ; see also Markham et al., 2010) and our task was relatively easy considering the short retention delay used (Markham et al., 2010) . We expect that adverse effects of prenatal stress on memory would have been more likely had we used different stress procedures, like chronic variable stress rather than chronic restraint stress (Markham et al., 2010) , and/or a longer retention delay or a different test of memory, particularly one with a more heavy reliance on the integrity of the hippocampus (Hosseini-Sharifabad and Hadinedoushan, 2007) . Similarly, the dose of MK-801 was large but administered only once. Again, we expect that we would have observed deficiencies had rats been tested closer to the time of injection (de Lima et al., 2005) , or if a more difficult or hippocampally-dependent procedure been used (Manahan-Vaughan et al., 2008) . The present aim was to use procedures that were unlikely to yield deficits with either of the factors alone to ensure that the two-hit aspect of the model would be critical. Also note that all of our manipulations were systemic and thus many brain regions may have been impacted by the procedures. It is possible that pathological changes in hippocampus and cortical regions are critically involved in the reported effects and investigations into them are ongoing.
Conclusion
In summary, we provide compelling new evidence that choline supplementation administered over the adolescent period may diminish the combined negative impact of prenatal stress and adult MK-801 exposure on memory. Chronically stressing rat dams during the last week of gestation leads to significant elevations in circulating glucocorticoid hormones which can be detrimental to the development of the hippocampus (reviewed in McEwen, 2005 ; also see Corcoran et al., 2003) . Abnormal neural development, particularly centered on the hippocampus, then yields a vulnerability to the acutely challenging experience of a large dose of an NMDA-antagonist. MK-801 significantly reduces the overall excitatory tone of the frontal cortical projections to the ventral tegmental area, thereby resulting in a disinhibition and overexpression of dopaminergic signals in the nucleus accumbens (Mathé et al., 1999) . This is the contributing pathology of schizophrenia. It is not clear from the present work whether supplemental choline levels corrected the vulnerability brought on by prenatal stress or whether it reduced the neurotoxic capabilities of MK-801 in adulthood; ample previous research points convincingly to the latter, but the possibility of both remains. We also provide compelling evidence that choline deficiency over the same period can lead to memory deficits when combined with either component of our model. This provides further support for the notion that choline may be generally neuroprotective and thus mitigates the effects of both of our factors. When considered together, the results of the present study are convincing evidence for the use of dietary choline as a preventative measure for the mediation of cognitive deficits seen in schizophrenia. This could be especially beneficial to individuals who may be considered 'at-risk' for schizophrenia, such as those with schizophrenic relatives (e.g., Chubb et al., 2008; Whyte et al., 2006) , or who may have experienced significant stressors during the second trimester of gestation (e.g., Brown et al., 2004; Pallast et al., 1994) . Furthermore, these results suggest that supplemented levels of important dietary nutrients, such as choline, should be considered and implemented in postnatal and periadolescent nutrition (Zeisel, 2006; Zeisel and da Costa, 2009 ).
